Hedgehog (Hh) signaling is critical to the patterning and development of a variety of organ systems, and both ligand-dependent and ligand-independent Hh pathway activation are known to promote tumorigenesis. Recent studies have shown that in tumors promoted by Hh ligands, activation occurs within the stromal microenvironment. Testing whether ligand-driven Hh signaling promotes tumor angiogenesis, we found that Hh antagonism reduced the vascular density of Hh-producing LS180 and SW480 xenografts. In addition, ectopic expression of sonic hedgehog in low-Hh-expressing DLD-1 xenografts increased tumor vascular density, augmented angiogenesis, and was associated with canonical Hh signaling within perivascular tumor stromal cells. To better understand the molecular mechanisms underlying Hh-mediated tumor angiogenesis, we established an Hh-sensitive angiogenesis coculture assay and found that fibroblast cell lines derived from a variety of human tissues were Hh responsive and promoted angiogenesis in vitro through a secreted paracrine signal(s). Affymetrix array analyses of cultured fibroblasts identified VEGF-A, hepatocyte growth factor, and PDGF-C as candidate secreted proangiogenic factors induced by Hh stimulation. Expression studies of xenografts and angiogenesis assays using combinations of Hh and VEGF-A inhibitors showed that it is primarily Hh-induced VEGF-A that promotes angiogenesis in vitro and augments tumorderived VEGF to promote angiogenesis in vivo.
T hrough its regulation of epithelial-mesenchymal interactions and subsequent control of organ system patterning and growth, hedgehog (Hh) signaling is one of several conserved signaling pathways critical to embryogenesis. Key components of Hh signaling include the ligands sonic hedgehog (SHH), Indian hedgehog (IHH), and desert hedgehog (DHH); the negative and positive regulators of signaling, PTCH1 and SMO, respectively; and the GLI transcription factors controlling Hh target gene expression. Conserved Hh targets include GLI1 and PTCH1, and their expression is commonly used to measure Hh signaling activity.
Similar to other pathways active during development, Hh signaling has been shown to promote tumorigenesis. In several tumor types, tumorigenesis follows mutations in key Hh pathway regulators, resulting in hyperactive ligand-independent signaling within tumor cells. Alternatively, and in a broader range of tumors, Hh signaling promotes tumorigenesis through tumor cell production of Hh ligands (1) . In tumors promoted by Hh ligands, recent studies have shown that canonical pathway activation is restricted to tumor stroma (2, 3) .
To better understand how Hh ligands promote tumorigenesis, and because a role exists for Hh signaling during vascular development (4), we examined whether Hh signaling within tumors can influence angiogenesis, a critical determinant of tumor growth and viability. Though several recent studies have focused on defining a role for Hh in tumor angiogenesis, it remains unclear whether (i) Hh signaling promotes tumor angiogenesis (5),
(ii) whether angiogenesis is influenced through canonical signaling, and (iii) which cells within tumors receive Hh's signal (6, 7) .
Using Hh-producing and Hh-sensitive LS180 xenografts, we found that inhibiting Hh signaling decreased tumor angiogenesis. By overexpressing SHH in low Hh-expressing DLD-1 xenografts, we found that ectopic Hh signaling promoted tumor angiogenesis and that canonical Hh signaling was up-regulated in perivascular fibroblastic stromal cells surrounding small tumor vessels. Using an Hh-sensitive in vitro coculture assay, we found that angiogenesis correlated with Hh target gene induction in fibroblasts; parallel expression and functional assays identified VEGF-A as the predominant Hh-induced proangiogenic factor in vitro and in vivo. We also found VEGF-A expression was enriched in Hh-signaling active stoma relative to epithelium in metastatic human pancreatic adenocarcinomas (PDA) samples. Furthermore, SW480 xenografts given combinations of anti-VEGF and Hh pathway inhibitor (HPI) further supported a critical role for Hh-driven VEGF-A in driving Hh-induced angiogenesis in vivo.
Results
Hh Signaling Promotes Tumor Angiogenesis in LS180 Xenografts. The human colorectal carcinoma cell line LS180 expresses Hh ligands, and LS180 xenograft growth is inhibited by the HPI GDC-0449 ( Fig. 1 A and B) . To test whether Hh signaling promotes tumor angiogenesis during Hh-sensitive tumor growth, we compared the vascular densities of LS180 xenografts following treatment with either GDC-0449 or vehicle. Following 3 d of twice-daily dosing (75 mg/kg per dose), tumors treated with GDC-0449 showed an approximate 30% decrease in vascular density compared with control tumors (relative vessel area, 1.36% vs. 1.89%, P = 0.008; relative vessel perimeter, 0.37 vs. 0.47 μm −1 , P = 0.03; Fig. 1 C and D) . In addition, GDC-0449 treatment significantly reduced tumor vascular complexity as assessed by branch points normalized to viable area (relative branch point, 13.0 vs. 7.6 μm −2 , P = 0.05; Fig. S1A ). These data show that in Hh-sensitive tumor models, Hh signaling promotes tumor angiogenesis.
Isolated Endothelial Cells Do Not Display Canonical Hh Signaling. To begin to understand the cellular basis underlying Hh regulation of tumor angiogenesis, we asked if isolated endothelial cells (ECs) demonstrated Hh signaling. First, human umbilical vein endothelial cells (HUVECs) were cultured with 1 μg/mL SHH for up to 72 h; we found no induction of GLI1 or PTCH1 (Fig.  S2A, a) . In contrast, this same concentration of SHH stimulated the expression of GLI1 (five-to ninefold) and PTCH1 (2.5-to fivefold) in the myofibroblast cell line CCD-18Co (Fig. S2A, b) . Second, culturing HUVECs in isolation with 1 μg/mL SHH had no effect on HUVEC growth (Fig. S2A, c) . To test if tonic Hh signaling occurred in isolated ECs, we cultured HUVECs with 100 nM of GDC-0449 for 24-72 h and found no changes in GLI1 or PTCH1 expression (Fig. S2A, d ). In addition, the growth rate of HUVEC cultures treated with GDC-0449 was not different from those treated with vehicle (Fig. S2A, e) . We further asked if microvascular endothelial cells (HMVECs) derived from a variety of human tissues responded to canonical Hh signaling. We treated lung HMVEC (HMVEC-L), skin HMVEC (HMVEC-D), and skin lymphatic HMVEC (HMVEC-lyp) with 1 μg/mL SHH or vehicle in conditions favoring endothelial growth (supplemented with 10 ng/mL VEGF-A) for up to 72 h and found no induction of GLI1 or PTCH1 (Fig. S2B, a) , and no difference in growth rate (Fig. S2B, c) . However, under the same conditions, SHH induced both GLI1 (five-to 15-fold) and PTCH1 (twoto fivefold) in CCD-18Co cells (Fig. S2B, b) . To test if tonic Hh signaling occurred within isolated HMVECs, we cultured HMVECs with 100 nM of GDC-0449 or vehicle in the presence of 10 ng/mL of VEGF-A for up to 72 h and found no changes in GLI1 or PTCH1 expression (Fig. S2B, d) , and no difference in growth rate (Fig. S2B, e) . The fact that isolated endothelial cells fail to respond to either SHH or a potent HPI suggests that endothelial cells are not directly responsive to Hh signals during Hh-mediated angiogenesis.
Canonical Hh Signaling Within Perivascular Stromal Cells Is Associated with Augmented Tumor Angiogenesis in DLD-1 Xenografts. To test the sufficiency of Hh signaling to drive tumor angiogenesis, we chose a human colorectal carcinoma cell line, DLD-1, expressing low levels of endogenous Hh ligands, and derived a stable cell line, DLD-1.SHH, expressing >100-fold higher levels of SHH ( Fig. 2A) . When grown as xenografts in nude mice, DLD-1.SHH cells formed tumors that induced the canonical mouse Hh targets Gli1 and Ptch1 (Fig. 2B ). After 6-14 d of growth, DLD-1. SHH tumors were larger than control tumors (Fig. S3A ) and often developed a dark red or bruised appearance, which control tumors lack ( Fig. 2 C and D) . Histologically, DLD-1.SHH tumors often displayed features associated with the "angiogenic switch" (8) , which did not show in control tumors ( Fig. 2 C and  D) , although without a significant difference in viable tumor area relative to control tumors (Fig. S3B) . Notably, the most robust Hh signaling in DLD-1.SHH tumors was observed in fibroblastic cells juxtaposed to small vessels within the growing tumor mass ( In addition, the DLD-1.SHH tumors displayed a more complex vascular structure compared with control tumors, with more relative branchpoints 17.6 vs. 12.1 μm −2 , P = 0.02 (Fig. S1B ). These data demonstrate that canonical Hh signaling within perivascular tumor stroma coincides with increased tumor angiogenesis, consistent with the hypothesis that paracrine Hh signals received by perivascular stromal cells augment tumor angiogenesis in vivo.
In Vitro Angiogenesis Correlates with Hh Target Gene Induction in
Fibroblasts. To better understand the molecular mechanisms by which perivascular fibroblastic cells drive tumor angiogenesis, we developed an in vitro, Hh-responsive angiogenesis assay by coculturing HUVECs with CCD-18Co human colon myofibroblasts (Fig. S4) . Under coculture conditions, canonical Hh signaling within CCD-18Co cells was sensitive to varying doses of both SHH and the HPI GDC-0449; the magnitude of angiogenesis stimulated during coculture closely paralleled the induction of Hh targets GLI1 and PTCH1 in CCD-18Co cells (Fig.  3 ). To test whether Hh-driven angiogenesis could be generalized to fibroblasts and endothelial cells derived from other tissue types, we performed the same coculture angiogenesis assay by pairing HUVECs with fibroblast cell lines derived from breast, lung, and skin. Breast and lung fibroblast lines were Hh responsive, and the fold induction of GLI1 and PTCH1 in the fibroblasts paralleled the increase in angiogenesis seen in HUVEC cocultures. In contrast, and consistent with a requirement for canonical SHH signaling within fibroblasts, human normal skin dermal fibroblasts (HNDF) demonstrated neither canonical Hh signaling nor the ability to promote angiogenesis (Table S1 ). To test whether endothelial cell lines derived from a variety of human tissues were responsive to CCD-18Co proangiogenic signals, we paired CCD-18Co cells with HMVECs from lung and skin, and with lymphatic HMVECs derived from skin. Following coculture, all three HMVEC lines responded robustly to Hh-driven, CCD18Co proangiogenic signals (Table S1 ). Taken together, these data indicate that Hh-responsive proangiogenic gene products, produced by fibroblasts from many tissue types, are capable of driving both blood vessel and lymphatic angiogenesis. sence of SHH to condition media [SHH-containing conditioned media (SCM); vehicle-containing conditioned media (VCM)] (Fig. S5A) . CCD-18Co cells cultured in the presence of SHH for 48 h showed a 20-to 30-fold induction of SHH-driven GLI1 and PTCH1 (Fig. S5B) . Subsequently, SCM and VCM were added to fibroblast/HUVEC cocultures to which no exogenous SHH was added ("naïve" pairings). To prevent residual SHH from inducing Hh signaling in naïve CCD-18Co, the α-Hh antibody 5E1 (66.7 nM) was added to SCM before the start of angiogenesis cocultures (Fig. S5C) . Consistent with the hypothesis that fibroblasts produce secreted, proangiogenic factors following Hh pathway activation, HUVECs paired with naïve CCD-18Co cells demonstrated more angiogenesis when cultured in SCM than in VCM (P = 0.018; Fig. 4A) .
To identify the Hh response genes responsible for paracrine, Hh-driven tumor angiogenesis, we performed U133P Affymetrix array analyses of CCD-18Co cells cultured for 72 h with vehicle vs. 1 μg/mL SHH. Interestingly, several genes encoding known, secreted, proangiogenic factors were induced by SHH, including VEGF-A, HGF, and PDGF-C, and RT-PCR confirmed the upregulation of these genes (Fig. 4B) . To verify that each of these proangiogenic factors was induced by Hh in tumors, we compared VEGF-A, PDGF-C, and HGF transcript levels in day 8 xenografts of DLD-1.Vec and DLD-1.SHH tumors using RT-PCR with species-specific primers. Of the three proangiogenic factors identified by array analyses of CCD-18Co, only Vegf-A was found to also be up-regulated in SHH overexpressing tumors ( Fig. S6 A and  B) . Consistent with VEGF-A behaving as a canonical Hh target in tumors, Vegf-A transcripts, like Ptch1 transcripts, were particularly enriched within perivascular stromal cells adjacent to small tumor blood vessels (cf. Fig. 4D to Fig. 2 F and H) .
Because Hh-induced VEGF-A and angiogenesis correlate in vitro and in vivo, we tested VEGF-A's functional relevance to Hh-driven angiogenesis. First, we quantified SHH-induced angiogenesis in cocultures while inhibiting VEGF-A. Using the potent VEGF-A antibody G6-31, we found that Hh-mediated angiogenesis was dose dependent on VEGF-A (Fig. 4G) . Conversely, with high G6-31 concentrations (1-100 nM), the vast majority of Hh-mediated angiogenesis was eliminated (Fig. 4H) , demonstrating that Hh-induced VEGF-A is the predominant proangiogenic factor in this simplified system.
To test whether VEGF-A is also the predominant factor involved in mediating Hh-induced tumor angiogenesis in the DLD-1.SHH xenograft model, we treated tumors with the α-VEGF-A antibody B20-4.1.1. We found that α-VEGF treatment of DLD-1.SHH decreases the vascular density significantly compared with IgG treatment (relative vessel area: 1.13% vs. 4.47%, P = 0.0019; S3C ). These data suggest that VEGF-A produced independently of Hh signaling also contributes to vessel formation in DLD-1. vec tumors. If Hh in vivo induces both VEGF-A and VEGF-A-independent proangiogenic factors, we would predict that Hh-expressing tumors that are only partially growth inhibited by α-VEGF would show a greater antiangiogenic response when both Hh signaling and VEGF-A are inhibited. To test this, we used human SW480 colorectal carcinoma cells, which express SHH, grow in immunocompetent mice, and are only partially growth inhibited by VEGF-A antibody G6-31 (9) . We compared the vascular densities of SW480 xenografts following 6 d of treatment (before significant tumor size differences developed) with G6-31 (9, 10), the HPI Hh-Antag (2) or a combination of both G6-31 and HhAntag. Tumors treated with either G6-31 or Hh-Antag alone had diminished angiogenesis vs. vehicle control tumors, as determined by vascular density (relative vessel area: 1.02% vs. 1.78%, P < 0.001 for G6-31, and relative vessel perimeter: 1.48 vs. 1.78 μm −1 , P = 0.03 for Hh-Antag; Fig. 4I ). In addition, tumors treated with a combination of both G6-31 and Hh-Antag also showed reduced relative vessel area vs. vehicle-treated tumors (1.14% vs. 1.78%, P < 0.001). However, adding Hh-Antag in combination with α-VEGF did not result in a significant change in vascular density vs. G6-31 treatment alone (1.14% vs. 1.02%, P = 0.38). Compared with vehicle treatment, tumors treated either with G6-31 or G6-31 combined with Hh-Antag had decreased vascular branching (relative branch point, 3.47 vs. 2.21 μm
, P = 0.0002, for G6-31; and 3.47 vs. 2.54 μm −2 , P = 0.005, for G6-31 + Hh-Antag). However, adding Hh-Antag to G6-31 treatment did not change vascular branching compared with G6-31 alone (relative branch point: 2.20 μm −2 for Hh-Antag vs. 2.54 μm −2 for combination, P = 0.31; Fig. S1C ). These results indicate that similar to SHH-producing LS180 xenografts, SW480 xenografts demonstrate lower vascular densities following Hh inhibition; however, in contrast to LS180 xenografts, SW480 tumor vascular complexity was insensitive to Hh inhibition. In addition, these in vivo data reinforce the importance of VEGF-A induction in Hh-driven tumor angiogenesis.
To test whether these findings in Hh-induced tumor angiogenesis in xenograft models extend to human disease, we examined VEGF-A and GLI1 transcripts in three human PDAs that have been reported previously to show a high stromal activation of the Hh pathway (3). Consistent with xenograft models, we found both significantly higher stromal GLI1 (160-to 953-fold higher than epithelial GLI1) and 1.5-fold higher tumor stromal VEGF-A, relative to tumor epithelial VEGF-A (Fig. S7) .
Discussion
During the development of a variety of embryonic tissues, Hh signals originating from the epithelium drive canonical signaling in the adjacent mesenchyme, ultimately influencing the morphogenesis and growth of these structures (13) . Recently, this Hh signaling relationship has been extended to tumor biology, where carcinoma cells have been shown to express Hh ligands and drive canonical signaling in tumor stroma, and more specifically in tumor-associated fibroblasts (3). A role for tumor stromal fibroblasts in promoting tumorigenesis is recognized and linked to these cells' abilities to produce a variety of growth factors that influence carcinoma cell growth directly and/or indirectly (14) . One indirect way that tumor fibroblasts promote tumorigenesis is by promoting tumor angiogenesis through secreted, paracrine signals (15) .
The fact that tumor fibroblasts are Hh responsive and that Hh signaling promotes vascular development (4) supports the hypothesis tested here that in ligand-producing tumors, Hh signaling promotes tumorigenesis by stimulating tumor angiogenesis, supplementing the VEGF produced by tumor cells. We demonstrated a promotional role for Hh signaling in tumor angiogenesis by showing that inhibition of Hh signaling in LS180 and SW480 xenografts decreased tumor angiogenesis.
Complementary to these loss-of-function studies, we found that overexpressing SHH in DLD-1 xenografts produced enlarged, hypervascularized tumors with histologic features of the angiogenic switch (16) . The increased angiogenesis associated with ectopic SHH expression showed that canonical Hh signaling was up-regulated within fibroblastic stromal cells adjacent to small tumor blood vessels. To better understand the molecular and cellular underpinnings of Hh-mediated tumor angiogenesis, we showed, using an Hh-sensitive in vitro co- culture assay, that canonical Hh signaling in fibroblasts from many tissues can drive angiogenesis through the production and secretion of proangiogenic factor(s). Though expression profiling, we identified several candidate proangiogenic factors unregulated in cultured fibroblasts, and through functional assays identified VEGF-A as the required Hh-induced proangiogenic factor in vitro. Furthermore, Hh-producing SW480 xenografts showed no additional antiangiogenic effect when given a hedgehog pathway inhibitor in combination with α-VEGF vs. α-VEGF alone, indicating that Hh-driven VEGF-A is also the critical determinant for Hh-induced angiogenesis in vivo.
Up-regulation of VEGF-A in diverse cell types may be induced by various signals (e.g., hypoxia, cytokines, hormones, lipids, and Hh ligands) (17, 18) . Thus, Hh-driven VEGF in tumor stroma is in the context of this milieu of other proangiogenic contributions. In different tissues and tissue microenvironments, VEGF-A expression depends on the local balance of these signals. Our data extend these findings by showing that Hh-driven VEGF-A can modulate the balance of tumor angiogenesis.
Interestingly, recent studies have described noncanonical Hh signaling affecting cell proliferation, migration, and apoptosis pathways (19, 20) . In endothelial cells in vitro, Hh is reported to affect tubulogenesis and survival by modulating RhoA GTPase and caspase activity (19, 20) . We cannot rule out that in addition to modulating VEGF-A levels in stromal cells, SHH can directly affect angiogenesis via noncanonical signaling.
Our data show that for some tumor types, Hh's predominant tumor-promoting effect is through the induction of stromal VEGF-A. In tumors with an Hh-driven angiogenic component, we would expect little or no benefit in combining hedgehog pathway inhibitors with anti-VEGF therapy. In a recent phase II clinical trial, the HPI GDC-0449 failed to show added clinical benefit in previously untreated metastatic colorectal cancer patients when added to the standard care regime of Avastin (α-VEGF) and chemotherapy.
† The data presented here support a role for Hh antagonists in antiangiogenic therapy. Though these data show that VEGF-A is the predominant proangiogenic factor mediating Hh-driven angiogenesis in several tumor models, this does not exclude other Hh proangiogenic targets from being relevant in subsets of human cancers. In addition to promoting angiogenesis, Hh has also been shown to influence other physiologic parameters within tumor stroma (21) . The fact that Hh signaling can affect multiple parameters within tumor stroma simultaneously may, in some tumor types or models, result in a complex relationship between Hh signaling, angiogenesis, and blood flow (5). Future work will be required to better understand the full range of relevant Hh-driven, proangiogenic response genes expressed in human carcinomas and how best to target these with HPIs and/or other therapies.
Materials and Methods
In Situ Hybridization. Isotopic in situ hybridizations were performed as described (22) . Ptch1. A 771-bp fragment, spanning from nucleotides (nt) 3,518-4,288 of mouse Ptch1 (reference sequence NM_008957) was amplified by using PCR 
